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ABSTRACT
We made C18O (2–1) and CS (7–6) images of the protostellar envelope around B335
with a high spatial dynamic range from ∼10000 to ∼400 AU, by combining the Sub-
millimeter Array and single-dish data. The C18O emission shows an extended (∼10000
AU) structure as well as a compact (∼1500 AU) component concentrated at the proto-
stellar position. The CS emission shows a compact (∼900 AU) component surrounding
the protostar, plus a halo-like (∼3000 AU) structure elongated along the east-west di-
rection. At higher velocities (|∆V | &0.3 km s−1), the CS emission is stronger and more
extended than the C18O emission. Physical conditions of the envelope were examined
through an LVG model. At |∆V | &0.3 km s−1, the gas temperature is higher (>40 K)
than that at |∆V | .0.3 km s−1, whereas the gas density is lower (<106 cm−3). We
consider that the higher-temperature and lower-density gas at |∆V | &0.3 km s−1 is
related to the associated outflow, while the lower-temperature and higher-density gas
at |∆V | .0.3 km s−1 is the envelope component. From the inspection of the positional
offsets in the velocity channel maps, the radial profile of the specific angular momentum
of the envelope rotation in B335 was revealed at radii from ∼104 down to ∼102 AU.
The specific angular momentum decreases down to the radius of ∼370 AU, and then
appears to be conserved within that radius. A possible scenario of the evolution of
envelope rotation is discussed.
Subject headings: circumstellar matter — ISM: individual (B335) — ISM : molecules
— stars : formation
1. Introduction
Dense-gas (≥104−5 cm−3) condensations in dark molecular clouds are sites of low-mass star
formation (Andre´ et al. 2000; Myers 2000). Previous millimeter interferometric observations have
revealed rotating and infalling gas motions in dense-gas condensations associated with known pro-
tostellar sources, so-called “protostellar envelopes” (Ohashi et al. 1996, 1997a,b; Momose et al.
1998). It is still less clear, however, how the infalling motion is terminated and the angular mo-
mentum of the envelope rotation is transferred from large (∼10000 AU) to small (∼a few hundred
1Institute of Astrophysics, National Taiwan University, Taipei 10617, Taiwan
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AU) radii in the envelopes (e.g., Goodman et al. 1993; Ohashi et al. 1997b). Therefore, it is not
well understood how centrifugally supported disks with radii of a few hundred AU, often observed
around T Tauri stars (e.g., Guilloteau et al. 1999; Guilloteau & Dutrey 1998; Qi et al. 2003), are
formed around protostars in those envelopes.
In order to approach these questions, we have performed Submillimeter Array (SMA)1 obser-
vations of B335 (Jørgensen et al. 2007; Yen et al. 2010, hereafter Paper I), an isolated Bok globule
associated with an embedded Class 0 protostar with a bolometric luminosity of 1.5 L (IRAS
19347+0727; Keene et al. 1980, 1983; Stutz et al. 2008). B335 is associated with an east-west
elongated, conical-shaped molecular outflow with a size of ∼0.2 pc, an opening angle of ∼45◦, and
an inclination angle of ∼10◦ from the plane of the sky (Hirano et al. 1988). Along the outflow
axis there are also high-velocity (∼160 km s−1) compact (∼1500 × 900 AU) molecular jets seen
in the 12CO (2–1) emission (Paper I), as well as HH objects (HH 119 A-F; Reipurth et al. 1992;
G˚alfalk & Olofsson 2007). Millimeter interferometric observations of the envelope around B335 in
the H13CO+ (1–0) and C18O (1–0) emission lines at an angular resolution of ∼6′′ have revealed
the presence of the infalling gas motion on a 3000 AU scale (Chandler & Sargent 1993; Saito et
al. 1999). The envelope around B335 also exhibits a slow rotational motion at radii of ∼20000 AU
(Frerking et al. 1987; Saito et al. 1999) and ∼1000 AU (Saito et al. 1999). Millimeter continuum
studies of the envelope around B335 show an r−1.5 density profile between r = 60 and 3900 AU and
an r−2 density profile at r >3900 AU (Harvey et al. 2003), which is consistent with the inside-out
collapse model (Shu 1977). These results indicate that B335 is a prototypical low-mass protostellar
source suitable for detailed studies.
Our SMA observation of B335 in the C18O (2–1) emission found a compact (∼1500 AU)
envelope around the protostar, showing an infalling motion (Paper I). The infalling velocity was
measured to be ∼0.44 km s−1 at a radius of 370 AU, and the central stellar mass was estimated
to be 0.04 M. On the other hand, there is no signature of the envelope rotation in the C18O
emission on a few hundred AU scale, and the upper limits of the rotational velocity and specific
angular momentum of the envelope rotation were estimated to be 0.04 km s−1 and 7 × 10−5
km s−1 pc at a radius of 370 AU, respectively. The structure and kinematics in the innermost
region of the protostellar envelope, however, are not well understood with our previous millimeter
molecular-line observation, because millimeter molecular-line observations, such as those in the
C18O (2–1) line, suffer from contamination from the surrounding low-density and low-temperature
gas (n ∼104−5 cm−3 & T ∼10 K). In order to study the innermost envelope, it is required to observe
submillimeter molecular-line emission, such as CS (7–6) (Takakuwa et al. 2004, 2007; Takakuwa
& Kamazaki 2011). In addition, physical conditions, i.e., temperature, density, optical depth, and
excitation conditions, of the inner envelope are also uncertain in our previous observation, because
1The Submillimeter Array (SMA) is a joint project between the Smithsonian Astrophysical Observatory and
the Academia Sinica Institute of Astronomy and Astrophysics and is funded by the Smithsonian Institute and the
Academia Sinica.
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it is impossible to derive physical conditions using only one molecular line; we need to observe at
least two molecular lines tracing different physical conditions. It is important to note, however,
that multi-line interferometric observations are not sufficient to derive physical conditions of the
inner envelope because interferometric observations suffer from the effect of the missing flux. In
order to derive physical conditions of the inner envelope at a high angular resolution, we need to
combine interferometric and single-dish observations (e.g., Wilner & Welch 1994; Takakuwa et al.
2007; Santiago-Garc´ıa et al. 2009).
In this paper, we report millimeter C18O (2–1) and submillimeter CS (7–6) line observations
of B335 with the SMA, Submillimeter Telescope (SMT), and Atacama Submillimeter Telescope
Experiment (ASTE)2. The SMA and single-dish data were combined to recover missing fluxes.
From the comparison between the combined millimeter C18O (2–1) and submillimeter CS (7–6)
data, we derived physical conditions of the envelope and the outflow in B335 from ∼3600 to ∼700
AU scales at an angular resolution of 4.′′8. We also found a possible signature of the envelope rotation
in B335 on ∼100 AU scale, and studied radial dependence of the specific angular momentum of
the envelope rotation in B335. Although the distance to B335 was recently newly estimated to be
90–120 pc (Olofsson & Olofsson 2009), in this paper we adopted a distance of 150 pc (Stutz et
al. 2008), which was also adopted in Paper I. The ∼50% uncertainty in the distance yields ∼50%
uncertainty in the estimated rotation radius and specific angular momentum discussed in the paper,
and it does not change our main discussion on the specific angular momentum distribution and the
evolutionary stage of B335.
2. Observations
SMA observations of B335 at 230 and 342 GHz were made with seven antennas on 2005 June
24 and 14, respectively, as a part of a large SMA project (PROSAC: Jørgensen et al. 2007).
Details of the SMA were described by Ho et al. (2004). In the 230 GHz observation, 12CO (2–
1), 13CO (2–1), C18O (2–1), and 1.3 mm continuum emission were observed simultaneously, and
details of the observation were described in Paper I. On the other hand, H2CO (51,5–41,4), CS
(7–6), and 342 GHz continuum emission were observed simultaneously in the 342 GHz observation.
Observational parameters of the SMA observations are summarized in Table 1. Our 230 and 342
GHz observations were insensitive to structures more extended than ∼4500 and ∼2000 AU at the
10% level (Wilner & Welch 1994), respectively. The MIR software package was used to calibrate
the data. The calibrated visibility data were Fourier-transformed and CLEANed with MIRIAD
(Sault et al. 1995) to produce images. In this paper, we will present the results of the C18O (2–1;
2The ASTE project is driven by Nobeyama Radio Observatory, a branch of National Astronomical Observatory
of Japan, in collaboration with University of Chile, and Japanese institutes including University of Tokyo, Nagoya
University, Osaka Prefecture University, Ibaraki University, and Hokkaido University. Observations with ASTE were
in part carried out remotely from Japan by using NTT’s GEMnet2 and its partnet R&E (Research and Education)
networks, which are based on AccessNova collaboration of University of Chile, NTT Laboratories, and NAOJ.
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219.56036 GHz) and CS (7–6; 342.88295 GHz) lines.
Single-dish observations of B335 in the C18O (2-1) emission were made with SMT on 2008
November 20 and 26, while those in the CS (7-6) emission by using ASTE were made on 2005
August 16–20. In the SMT C18O observations, we made a 7 × 9 points mapping centered on
α(J2000) = 19h37m00.s90, δ(J2000) = 7◦34′08.′′8 with a grid spacing of 15′′, which provides a 90′′
× 120′′ map at Nyquist sampling. Each position in the map was observed at least twice, and each
integration time was 60 seconds in total (on and off position). The central position was adopted
to check the relative flux calibration, and the flux uncertainty was estimated to be ∼10% – 20%.
The telescope pointing was checked every one and half hour by observing Jupiter in the 219 GHz
continuum emission. In the ASTE CS observations, the mapping center was the same as that of the
SMT observations, and we observed 21 points at a grid spacing of 10′′, providing a Nyquist-sampled
map in the 40′′ × 40′′ region. Details of the ASTE observations were described by Takakuwa et al.
(2007). Observational parameters of our single-dish observations are summarized in Table 1. The
conversion factors from T ∗A (K) to S (Jy Beam
−1) of the SMT C18O and ASTE CS observations
were derived to be 66.3 and 74.8, respectively, as
S =
2kBΩbeam
λ2
T ∗A
ηmb
, (1)
where kB is the Boltzmann constant, Ωbeam is the solid angle of the single-dish beams, λ is the
wavelength, and ηmb is the main beam efficiency (68% for SMT and 60% for ASTE).
We combined these single-dish data with our SMA data. The spatial resolutions and the
noise levels in the combined images are shown in Table 1. Details of the combining process are
described in Appendix A. We also made simulations of the combing process to test the feasibility
and limitation of this technique. On the assumption of an r−1 power-law intensity distribution,
we found that amplitudes of the visibilities made from the single-dish images are systematically
lower than the correct values due to the finite spatial sampling in the single-dish observations. The
distortion in the combined image caused by the amplitude mismatch between the single-dish and
interferometric data is, however, at most 1.5σ of the observational noise in the outer (r >5′′) region.
The suppression of the flux in the inner (r <5′′) region caused by the lower single-dish flux is at
most 20% of the peak flux, comparable to the uncertainty of the flux calibration in our single-dish
and interferometric observations. For the case of the more complicated intensity distributions of
the envelope, such as clumpy structures, our previous imaging simulation (Takakuwa et al. 2008)
shows the real clumpy structures at higher than 4σ noise level can be still recovered after combining
single-dish and interferometric data. Based on these results, we consider that the combining process
is unlikely to distort the original image significantly beyond the observational uncertainties. Details
of our simulations of the combining process are described in Appendix A.
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3. Results
The SMA images of B335 in the C18O (2–1) and CS (7–6) emission lines were first shown
in the PROSAC paper (Jørgensen et al. 2007), and detailed results of the SMA C18O (2–1) data
have been presented in Paper I. The ASTE data of the CS (7–6) emission were first published by
Takakuwa et al. (2007). In this paper, we present and discuss the results of the combined SMA
+ single-dish data in the C18O (2–1) and CS (7–6) emission lines. Hereafter, we adopt the peak
position of the 1.3 mm continuum emission in the SMA data, α(J2000) = 19h37m0.s93, δ(J2000) =
7◦34′09.′′8, as the position of the central protostellar source (Paper I).
3.1. Single-dish, SMA, and Combined Images and Spectra of Millimeter C18O and
Submillimeter CS Emission Lines
Figure 1 shows three moment 0 maps of the C18O (2–1) emission; one made by using only
the SMT data (left), one made by using only the SMA data (middle), and one made by using
both the SMT and SMA data (right). In the SMT map, the C18O (2–1) emission was detected
at a level higher than 14σ (
∫
TMBdv = 8.4 K km s
−1) over the entire observing area of 13500
AU × 18000 AU. By contrast, the SMA map shows a compact C18O blob with a size of ∼1500
AU toward the protostar. In the combined map, the C18O emission shows a central compact
component surrounded by an extended component elongated along the east-west direction. Note
that the extended emission seen in the SMT map is significantly suppressed in the combined map
because of the response of the SMA primary beam.
Figure 2 shows CS (7–6) moment 0 maps made by using only the ASTE data (left), only the
SMA data (middle), and both the ASTE and SMA data (right). In the ASTE map, the CS emission
was detected only at the central 3 × 3 observing points (Takakuwa et al. 2007), suggesting that the
CS (7–6) emission is much more compact than the C18O emission. The different emission extents
are not because of the insufficient sensitivity of the ASTE CS (7–6) observations since the noise
level per unit velocity width in the ASTE data (∼1.3 K km s−1) is lower than that in the SMT
data (∼3.7 K km s−1). Although the CS (7–6) emission was not spatially resolved in the ASTE
map at an angular resolution of 22′′, it was resolved into two peaks in the SMA map. One emission
component is coincident with the protostar, and the other is at ∼5′′ southwest of the protostar. In
the combined map, the two emission peaks found in the SMA observation appear to be surrounded
by a weaker extended component with a size of ∼3000 AU. The extended component shows east-
west elongation as in the case of the C18O emission, while the inner region (r <900 AU) shows a
central compact component plus south-east and south-west protrusions.
From the comparisons of the single-dish and SMA line profiles, the missing fluxes of the SMA
observations were estimated to be ∼80% and ∼85% for the C18O (2–1) and CS (7–6) observations,
respectively (see Figure 3). After the single-dish and SMA data were combined, the missing fluxes
were recovered properly as shown in the combined spectra in Figure 3. By fitting a Gaussian
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function to the C18O line profile taken with SMT, the centroid velocity was measured to be VLSR
= 8.34 km s−1 (vertical dashed line in Figure 3). Hereafter, this velocity is adopted as the systemic
velocity, and all the velocities in the rest of this paper are shown as relative velocities with respect
to this systemic velocity (≡ V ).
3.2. Velocity Structure of the C18O (2–1) Emission
Figure 4 shows the velocity channel maps of the SMT C18O data. At higher velocities (V =
-0.30 & 0.28 km s−1), the C18O emission mainly arises from the central region showing elongation
along the east-west direction. At blueshifted velocities (V = -0.23 and -0.17 km s−1), the peak
of the C18O emission is located mostly toward the south-east of the protostar, while toward the
north-west of the protostar at redshifted velocities (V = 0.15 and 0.22 km s−1), suggesting that
there is a velocity gradient from the south-east to the north-west.
In the velocity channel maps of the combined SMT + SMA C18O data (Fig. 5), the extended
component with a size of ∼9000 AU seen in the combined moment 0 map (Figure 1) appears
around the systemic velocity (V = -0.08 and 0.20 km s−1). The velocity structure seen in the SMT
velocity channel maps cannot be identified in the combined data since the velocity resolution of the
combined data (0.28 km s−1) is more than four times worse than that of the SMT data (0.06 km
s−1). On the other hand, the central compact component appears both at the systemic and higher
velocities, and its peak is shifted from the east to the west of the protostar as the velocity changes
from blueshifted to redshifted (Paper I).
Figure 6 shows the SMT and combined SMT + SMA position–velocity (P–V ) diagrams of the
C18O emission in B335 along and across the outflow axis passing through the central protostellar
position. The SMT P–V diagrams shown in green contours in the top panels of Figure 6 trace the
kinematics of the extended component with a size of ∼9000 AU, while the combined P–V diagrams
shown in black contours focus on the kinematics of the central compact component with a size of
∼1500 AU. The velocity gradient seen in the SMT C18O channel maps (Fig. 4) in the south-east to
north-west direction can be also identified in the the SMT P–V diagrams as an east-west velocity
gradient along the outflow axis (green contours in the top-left panel of Figure 6) and a north-south
velocity gradient across the outflow axis (green contours in the top-right panel of Figure 6). The
trend of the velocity gradient in the east-west direction along the outflow axis is the same as that of
the associated molecular outflow, whereas the amount of the velocity gradient in the C18O emission
(∼4.1 × 10−6 km s−1 AU−1) is much smaller than that of the outflow (1.2 × 10−3 km s−1 AU−1;
Paper I). Hence, the east-west velocity gradient seen in the SMT C18O data most likely reflects the
envelope gas motion with a possible influence from the associated outflow. On the other hand, the
velocity gradient in the north-south direction seen in the SMT P–V diagram across the outflow
axis (green contours in the top-right panel of Figure 6) is not as clear as that seen in the SMT P–V
diagram along the outflow axis. To clarify this velocity gradient, we performed Gaussian fitting
to the SMT C18O spectra along the north-south direction, and measured the centroid velocities.
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Figure 7 shows the results of the Gaussian fitting. It is clear that there are systematic shifts of
the centroid velocities between the northern (redshifted) and southern (blueshifted) spectra. The
amount of the north-south velocity gradient (∼3.9 × 10−6 km s−1 AU−1) is comparable to that on
∼20000 AU scale seen in the C18O (1–0) emission (∼2.8 × 10−6 km s−1 AU−1; Saito et al. 1999),
and we consider that this velocity gradient seen in the SMT data likely reflects the envelope rotation.
These velocity gradients seen in the SMT data are not clear in the combined P–V diagrams as seen
in a comparison of the P–V diagrams between the SMT and combined data in the top panels of
Figure 6, because the velocity resolution in the combined data (∼0.28 km s−1) is a factor of four
worse than that of the SMT data (∼0.06 km s−1).
In contrast to the extended component with a narrow line width (∼0.5 km s−1), the central
compact component has a much broader line width (∼1.5 km s−1), as demonstrated in the combined
P–V diagrams. The velocity gradient from east to west in the central compact component seen in
Figure 5 is clearly shown in the combined P–V diagram along the outflow axis (bottom-left panel
of Figure 6). Although the trend of the velocity gradient in the central compact component is the
same as that of the east-west velocity gradient seen on thousands of AU scale in the SMT P–V
diagram along the outflow axis, the amount of the velocity gradient (∼3.7 × 10−3 km s−1 AU−1)
is three order of magnitude larger than that seen in the SMT P–V diagram. This velocity gradient
was interpreted as an infalling motion (Paper I). On the other hand, the combined P–V diagram
across the outflow axis (bottom-right panel of Figure 6) does not show any clear velocity gradient
on a size scale of ∼1500 AU.
3.3. Velocity Structure of the CS (7–6) Emission
Figure 8 shows velocity channel maps of the ASTE + SMA CS data. At higher velocities (V
= -0.96 to -0.60 and 0.46 to 0.82 km s−1), the east-west elongated component is seen, while at
lower velocities (V = -0.42 to 0.46 km s−1) the central compact component associated with the
protostar is evident. At V = -0.42 and -0.25 km s−1, a secondary emission peak at the south-west
of the protostar is also seen, as already found in the CS (5–4) observation (Wilner et al. 2000).
The peak of the central compact component is slightly (∼1′′) shifted from south to north of the
protostar as V changes from -0.25 to 0.46 km s−1, suggestive of a possible velocity gradient along
the north-south direction. The amount of the peak shift is smaller than the beam size, but twice
larger than the relative positional accuracy ∼0.′′4 estimated from θS/N where θ is the beam size
and S/N is the signal-to-noise ratio. The amount of the velocity gradient was estimated to be ∼2
× 10−3 km s−1 AU−1 from the peak shift in the velocity channel maps. A hint of this possible
velocity gradient in the north-south direction may be also seen in the P–V diagram of the combined
ASTE+SMA CS data across the outflow axis (right panel of Figure 9). Although the trend of the
velocity gradient across the outflow axis in the central compact CS component is the same as that
of the SMT C18O emission, i.e., the northern part is redshifted and the southern part is blueshifted,
the amount of the velocity gradient is larger in the CS emission (∼2 × 10−3 km s−1 AU−1) than
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that of the extended C18O emission (∼3.9 × 10−6 km s−1 AU−1).
On the other hand, in the P–V diagram along the outflow axis (left panel of Figure 9),
the redshifted emission mainly arises from the eastern part of the protostar, while the blueshifted
emission arises from both the eastern and western parts, suggesting presence of the east (redshifted)
to west (blueshifted) velocity gradient. The trend of this velocity gradient in the submillimeter
CS (7–6) emission is opposite to that of the associated outflow and the infalling motion. In fact,
Takakuwa et al. (2007) and Takakuwa & Kamazaki (2011) have already found such opposite velocity
gradients of the submillimeter molecular lines in a few low-mass protostellar envelopes. They
interpreted that the opposite velocity gradients along the outflow direction reflect the dispersing
gas motion at the surface of the envelope perpendicular to the outflow.
In order to compare the distributions and kinematics of the millimeter C18O (2–1) and submil-
limeter CS (7–6) emission, the CS image cube was resampled along the velocity axis to match the
velocity channels with those of the C18O image cube, and then the image cubes were integrated into
four different velocity ranges; the high-velocity blueshifted (V = -1.05 to -0.50 km s−1), low-velocity
blueshifted (V = -0.50 to -0.06 km s−1), low-velocity redshifted (V = -0.06 to 0.61 km s−1), and
high-velocity redshifted (V = 0.61 to 1.17 km s−1) ranges. The images are shown in Figure 10. In
the high-velocity ranges, the CS emission is stronger and more extended than the C18O emission.
In contrast, in the low-velocity ranges, the C18O emission becomes stronger and more extended
compared to the CS emission, and both the C18O and CS emissions clearly show a central compact
component surrounding the protostar. The differences between the millimeter C18O and submil-
limeter CS intensities at different velocities are also demonstrated in the line profiles shown in
Figure 3. The blueshifted and redshifted peaks of the central compact C18O component are located
at the east and west of the protostar, respectively, and show a velocity gradient along the outflow
axis. On the other hand, the peaks of the central compact CS component show a slight (∼1′′) shift
from south to north of the protostar as the velocity changes from blueshifted to redshifted, as seen
in Figure 8.
4. LVG Analyses
As shown in Figure 10, the submillimeter CS (7–6) emission is stronger and more extended
than the millimeter C18O (2–1) emission at the high velocities (V >0.6 & <-0.5 km s−1), while
the C18O emission is stronger and more extended than the CS emission at the low velocities (V =
0.6 – -0.5 km s−1). The high-velocity molecular gas where the submillimeter CS emission is more
dominant and the low-velocity gas where the millimeter C18O emission is more dominant should
reflect the different physical conditions. In order to derive their physical conditions and to discuss
the origin, we made statistical equilibrium calculations based on the Large Velocity Gradient (LVG)
model (Goldreich & Kwan 1974; Surdej 1977). Here, the velocity gradient and the abundances of
C18O and CS were adopted to be 100.0 km s−1 pc−1, 2.5 × 10−8, and 6 × 10−10, respectively, and
the justification of these values is described in Appendix B. The beam filling factors of the both
– 9 –
emission lines were assumed to be unity.
To directly compare the C18O and CS intensities and derive the physical conditions from the
line intensities by the LVG calculations, the resampled CS image cube was convolved with the
combined SMT + SMA beam of the C18O data. Then, both the C18O and CS image cubes were
integrated over the high-velocity (V = -1.05 to -0.22 & 0.34 to 0.89 km s−1) and low-velocity (V
= -0.22 to 0.34 km s−1) ranges, and the image pixels were binned to have a pixel size of 4.′′8,
comparable to the beam size. Note that the integrated velocity ranges are different from those
adopted in Figure 10. In the present analysis, we separate the velocity components based on the
velocity range of the extended and compact C18O components (see Figure 5).
Figure 11 compares the C18O and CS brightness temperatures from the resampled image cubes
at the high- (red points) and low-velocity (blue points) ranges. Only the data points within the
SMA primary beam at 342 GHz are plotted. For the data points without the detectable C18O or
CS emission (<2σ), their 2σ upper limits are plotted (data points with crosses). Most of the data
points at the high velocity show that the more dominant CS emission without the detectable C18O
emission, and as a result, they are located at the left-hand side in the diagram. On the other hand,
the data points at the low velocity show that the C18O emission is more dominant, and as a result,
they are located at the right-hand side with respect to the high-velocity data points. Solid and
dashed curves show iso-thermal and iso-density contours calculated by our LVG model, respectively.
It is clear that the high-velocity gas with the stronger CS emission shows a high temperature (>40
K) but a low density (<106 cm−3), while the low-velocity gas with stronger C18O emission shows
a low temperature (<40 K) but a high density (>106 cm−3). Based on the LVG results shown
in Figure 11, we made temperature and density maps overlaid with the integrated CS emission
(Fig. 12). In addition to the difference of the temperature and the density between the high- and
low-velocity components, the spatial distributions of the temperature and the density are evident.
At the high velocity, the gas temperature around the central protostar is a factor of two lower than
that outside (Fig. 12 (a)), and the density is high at the center and decreases outward (Fig. 12
(b)). At the low velocity, the overall distributions of the temperature and the density are similar
to those at the high velocity although their absolute values are lower and higher than those at the
high velocity, respectively. In addition, the lower-temperature and higher-density regions at the
low velocity are elongated along the north-south direction.
In addition to the temperature and the density, the optical depths and the excitation temper-
atures of the CS (7–6) and C18O (2–1) emission were also estimated. In the high-velocity range,
both the CS and C18O lines are optically thin (τCS <0.1 & τC18O <0.2). In the low-velocity range,
both the CS and C18O lines are optically thick (τCS ∼1.1 & τC18O ∼4.1) at the center and optically
thin (τCS & τC18O <0.7) at a radius larger than ∼400 AU. In both velocity ranges, the CS emission
is sub-thermalized and has an excitation temperature of ∼10 to 20 K, while the C18O emission is
thermalized.
In the present LVG analysis, we assumed the constant C18O and CS abundances in the entire
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region. In reality, those molecular abundances likely vary over the observed region (e.g., Tafalla
et al. 2002, Takakuwa et al. 2000, 2011). To check the effect of the abundance variations on the
estimate of the physical conditions, additional LVG analysis was performed with the molecular
abundance as a free parameter, but a constant gas temperature of 20 K, which is the averaged
temperature derived from the above-mentioned LVG analysis. It was found that the CS abundance
needs to be comparable to the C18O abundance in the high-velocity component, to reproduce
the observed CS intensities higher than the observed C18O intensities. This is highly unlikely
from astrochemical point of view (e.g., Bergin and Langer 1997, Aikawa et al. 2008), and in fact
previous multi-molecular line observations of B335 have revealed that the CS abundance is more
than one order of magnitude lower than the C18O abundance (Evans et al. 2005). We therefore
consider that the observed CS intensities higher than the C18O intensities in the high-velocity
components are mostly due to higher gas temperature of the high-velocity components compared
with the low-velocity components regardless possible molecular abundance variations between the
two components. Note that the relative difference in the gas temperature and density shown in
Figure 11 and 12 is still valid independently of the assumed molecular abundances. The absolute
values of the temperature and density for each component, however, still depend on the assumed
abundances. Typically a factor of two variation of the abundances yields ∼a factor of two change
of the gas density and ∼50% change of the gas temperature in the low-velocity components, and a
factor of two change of the gas density and temperature in the high-velocity component.
5. Discussion
5.1. Physical Conditions of the Outflow and the Envelope in B335
Our LVG analysis show that there are two types of gas components with different physical
conditions in B335: the high-velocity (|V | &0.3 km s−1), higher-temperature (>40 K), and lower-
density (<106 cm−3) component with the stronger submillimeter CS emission, and the lower-
velocity (|V |.0.3 km s−1), lower-temperature (<40 K), and higher-density (>106 cm−3) component
with the stronger millimeter C18O emission. As shown in Figure 12, the stronger CS emission in
the high-velocity component shows an elongated structure along the east-west direction, or along
the direction of the molecular outflow associated with B335. This morphology as well as its higher
velocity suggests that the stronger CS emission at the high velocity is related to the outflow. In
contrast, the low-velocity component with the stronger C18O emission is extended over the entire
region with a compact structure surrounding the protostar, and shows a lower temperature and
a higher density. Because of these characteristics, the low-velocity gas with the stronger C18O
emission is naturally considered to be originated from the protostellar envelope. Note that the
compact structure at the low velocity shows an elongated structure perpendicular to the outflow.
This fact also supports our suggestion that the low-velocity gas with the stronger C18O emission
is originated from the protostellar envelope.
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In the envelope, the estimated gas density increases from 106 to 107 cm−3 as the radius
decreases from ∼1500 to ∼400 AU, and the estimated temperature decreases from 40 to 10 K.
Moriarty-Schieven et al. (1995) have made a single-dish survey for a complete flux-limited IRAS
sample of protostellar sources in Taurus in the CS (3–2, 5–4, & 7–6) and H2CO (303–202 & 322-
221) emission lines with the beam size of ∼20′′ to ∼40′′ (1400 to 2800 AU in radius), and have
performed LVG analyses. They have found that the typical temperature and density of the sample
protostellar envelopes are 20 to 50 K and a few × 106 cm−3, respectively, approximately consis-
tent with our high-resolution estimates of the physical conditions of the envelope around B335.
In the high-velocity component, the estimated gas density is .106 cm−3, and the estimated gas
temperature is higher than 40 K and even higher than 90 K in some parts. The critical density of
the submillimeter CS (7–6) emission is ∼2 × 107 cm−3, one order of magnitude higher than the
estimated density in the high-velocity component. In fact, the excitation temperature of the CS
(7–6) emission in the high-velocity component is .20 K, more than a factor of two lower than the
estimated gas kinetic temperature, and hence the submillimeter CS emission is sub-thermalized.
On the other hand, the upper-state rotational energy of the submillimeter CS (7–6) emission is
66 K, comparable to the estimated gas temperature in the outflow component. These results sug-
gest that the presence of the submillimeter CS emission on a scale larger than 1000 AU toward
B335 is not due to the presence of the extended high-density gas but due to the presence of the
extended high-temperature gas. Previous single-dish surveys for low-mass protostellar sources have
found intense (>1 K) submillimeter molecular lines such as the CS (7–6), HCN (4–3) (Moriarty-
Schieven et al. 1995; Takakuwa et al. 2007; Takakuwa & Kamazaki 2011) and CO (7–6 & 6–5)
lines (Schuster et al. 1993; Hogerheijde et al. 1998; van Kempen et al. 2006, 2009; Shinnaga et al.
2009). The origin of the submillimeter molecular lines with extent of the single-dish beam sizes
(1000 to 3000 AU) was unclear, and mainly three mechanisms were proposed to explain the pres-
ence of the extended submillimeter molecular-line emission toward low-mass protostellar sources;
(1) shock heating associated with outflows, (2) heating by ultraviolet photons from the boundary
layer between a protostar and its surrounding disk, and (3) heating by protostellar luminosities
(Schuster et al. 1993; Spaans et al. 1995; van Kempen et al. 2009). The latter two proposed mech-
anisms predict a higher temperature toward the innermost part of the envelope, inconsistent with
our higher-resolution observational results in B335 showing a lower temperature in the innermost
envelope. Thus, we suggest that the origin of the submillimeter molecular-line emission on a scale
larger than 1000 AU toward low-mass protostellar sources is related to the associated outflows,
which presumably interact with the surrounding envelopes.
5.2. Rotation, Infall, and Evolution of Protostellar Envelopes
Traced by the Millimeter and Submillimeter Line Emissions
Our single-dish and SMA observations of B335 have revealed kinematics of the envelope from
large (∼10000 AU) to small (∼400 AU) scales uniformly. The SMT C18O (2–1) image shows a north
(redshifted) – south (blueshifted) velocity gradient across the outflow axis, which is consistent with
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the C18O (1–0) result (Saito et al. 1999) and can be interpreted as a rotational motion in the outer
envelope (>2500 AU). In the inner part, the SMA C18O (2–1) and CS (7–6) images show the ∼1500
and ∼900 AU scale compact components associated with the protostar, respectively. The compact
C18O (2–1) component exhibits a velocity gradient along the outflow axis but no signature of a
velocity gradient perpendicular to the outflow axis. The velocity gradient seen in the compact
C18O component along the outflow axis has been interpreted as an infalling motion, while there is
no clear sign of rotation in the compact C18O component (Paper I). In contrast, the compact CS
component does not show a clear sign of the infalling motion, but show a hint of a velocity gradient
across the outflow axis (i.e., rotation), although it is quite marginal. The rotational velocity and
specific angular momentum of the compact CS component were estimated to be 0.2 km s−1 and 8
× 10−5 km s−1 pc at a radius of 90 AU, respectively, from the mean offset of the peak positions of
the compact CS component with respect to the protostellar position (∼90 AU) and the north-south
velocity gradient (∼2 × 10−3 km s−1 AU−1) seen in the CS velocity channel maps. In this final
subsection, we will discuss the rotation, infall, and the evolution of the protostellar envelope around
B335.
In Figure 13, we plot the specific angular momenta (j = r × vrot) of the envelope rotation
as a function of the radius in B335, measured from our observations and from Saito et al. (1999)
(red diamonds in Figure 13), and r was derived from the radii of the emission sizes except the
data point of the CS (7–6) emission, i.e., the data point at r = 90 AU. For the data point of the
CS (7–6) emission, r was derived from the mean offset of the peak positions with respect to the
protostellar position in the velocity channel maps. Since there is no clear velocity gradient in the
central compact C18O component across the outflow axis, the data point at the radius of 370 AU
provides only the upper limit of the specific angular momentum of the envelope rotation (Paper I).
Similarly, the CS data point at the radius of 90 AU may be an upper limit since the north-south
velocity gradient in the CS emission is also marginal. Thus, these data points show that the specific
angular momentum in the envelope around B335 decreases down to the radius of 370 AU. If the
norht-south velocity gradient in the compact CS component is real and represents the rotation of
the innermost envelope, the specific angular momentum at a radius smaller than 370 AU may be
conserved.
For comparison, we also plot the specific angular momenta of other Class 0 (green squares),
I (light blue squares) and II (brown squares) sources and NH3 cores (gray squares; Goodman et
al. 1993). For the data points of the NH3 cores in Figure 13, r is the radii of the cores. For
other sources, if Keplerian disks were observed in those sources, r represents the outer radii of the
Keplerian disks; if not, r was derived from the radii of the emission sizes. The data points of the
NH3 cores show that the specific angular momenta at the outer radius (r >10000 AU) decrease,
and appear to follow the power-law relation of j ∝ r−1.6 (Goodman et al. 1993). On the other
hand, specific angular momenta of the envelopes around Class 0, I, and II sources, including B335,
spread over two orders of magnitude between r ∼80 and ∼2000 AU. Furthermore, more evolved
sources tend to show higher specific angular momenta than less evolved sources (i.e., from Class 0
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to II), as already reported in Paper I.
Ohashi et al. (1997b) have proposed that the distribution of the specific angular momenta as
a function of the radius in low-mass dense cores and protostellar envelopes consists of two zones;
one with the power-law distribution (j ∝ r−1.6) at r >6000 AU, and the other with the common,
conserved angular momentum (j ∼10−3 km s−1 pc) associated with the infalling motion at r <6000
AU. Our results of B335, and the data plots of more Class 0, I, and II sources show that the angular
momenta of Class 0, I, and II sources within <2000 AU are not common but dependent on the
evolutionary stage of the central sources.
One possible scenario of the evolution of the specific angular momentum profile is as follows.
We consider the case that the initial distribution of the specific angular momentum in a dense core
follows the power-law relation as observed by Goodman et al. (1993). Once the inside-out collapse
takes place in such a dense core, the innermost part of the envelope with the smaller specific angular
momentum accretes to the center. Hence, in the earlier stage of the collapse, the infalling material
has a smaller specific angular momentum. As the expansion wave propagates outward, material in
the outer region of the envelope with the larger angular momentum starts collapsing. Therefore,
the more evolved sources tend to have higher angular momenta and larger regions with a constant
specific angular momentum.
In order to demonstrate the above scenario quantitatively, the expected evolution of the dis-
tribution of the specific angular momenta in protostellar envelopes (black dashed curves in Figure
13) was calculated, based on the inside-out collapse of an isothermal spherical envelope (Shu 1977)
with the initial profile of the specific angular momentum (j) of
j = 6.1× 1022 · r1.6rot cm2 s−1, (2)
where rrot is the rotational radius (Goodman et al. 1993). Here, we consider the time evolution of
the envelope material at the initial radius of rint, whose specific angular momentum is expressed by
equation (2). The enclosed mass within rint can be calculated by integrating the following initial
density profile of the spherical envelope,
ρ =
Cs
2piG
r−2, (3)
where Cs is the sound speed and G is the gravitational constant (Shu 1977). The sound speed was
adopted to be 0.2 km s−1 as in the case of isothermal envelopes at ∼10 K. Note that in reality
protostellar envelopes are not isothermal as we discussed in section 4. Since our main interest is
to estimate how much the specific angular momentum is transfered by the infalling material, we
focus on the material that is infalling through the equator plane where the largest specific angular
momentum is transfered. In order to obtain the radial profile of the specific angular momentum at
a given time, it is required to calculate the position of the infalling material on the equator plane.
For this purpose, we simply assumed that each infalling material follows free-fall motion, and that
there is no effect of centrifugal force and pressure gradient. On this assumption, the motion of the
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infalling material on the equator plane can be described as,
r¨ =
GM
r2
, (4)
where M is the enclosed mass within rint, calculated from equation (3). Then we can calculate
the radial position of each infalling material with each specific angular momentum as a function
of time. For the material that is located at a radius of 1000 AU on the equator plane in the
initial envelope, when the material starts to fall in, its gravitational energy is more than one order
magnitude larger than the rotational energy unless the material reaches a radius of 10 AU, so we
did not calculate the distribution of the specific angular momentum within a radius of 10 AU in
the envelope. The infalling motion is terminated artificially once the material passes through r =
10 AU. In the calculation, the material was set to fall after the passage of the expansion wave, and
we stopped the calculation at t = 3 × 105 years after the beginning of the collapse. The expansion
wave reaches at a radius of ∼13000 AU at that time.
Four black dashed curves in Figure 13 show the calculated profiles of the specific angular
momentum on the equator plane of the envelope at t = 2, 4, 7, 30 × 104 years after the beginning
of the collapse. All the profiles show similar curves, except for the radius where the specific angular
momentum starts shifting from the initial specific angular momentum distribution. This radius
corresponds to the radius of the expansion wave. For example, at 2 × 104 years, the expansion
wave reaches a radius of ∼800 AU, and the material at that radius starts infalling. Once the
material starts infalling, its angular momentum is carried toward the center, so the profile of the
specific angular momentum starts shifting from the initial specific angular momentum distribution,
and shows a constant specific angular momentum in the infalling envelope. With time evolution
the material at an outer radius with a larger specific angular momentum starts infalling, and
the specific angular momentum of the infalling envelope increases. Eventually in the innermost
region the rotational motion starts to dominate over the infalling motion, and a Keplerian disk is
expected to form. The sizes of Keplerian disks could grow from less than ten to hundreds of AU
when protostellar sources evolve from Class 0 to II stages, as discussed in Paper I. The profile of the
constant specific angular momentum in an infalling envelope eventually evolves to the Keplerian
profile. The transition from the infalling motion with the conserved angular momentum to the
Keplerian rotation is, however, still not well understood.
6. Summary
We have performed detailed imaging and analyses of the combined SMA + single-dish data of
B335 in the millimeter C18O (2–1) and submillimeter CS (7–6) emission lines. Main results obtained
from our millimeter and submillimeter imaging of the low-mass protostellar envelope around B335
are summarized below.
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1. The C18O emission traces both extended and central compact components with sizes of ∼9000
and ∼1500 AU, respectively, and the CS emission shows a central compact component with
a size of ∼900 AU surrounded by an east-west elongated component with a size of ∼3000
AU. The extended C18O component exhibits a north (redshifted) – south (blueshifted) ve-
locity gradient across the outflow axis, while the compact C18O component exhibits an east
(blueshifted) – west (redshifted) velocity gradient along the outflow axis. The CS emission
shows an east (redshifted) – west (blueshifted) velocity gradient and also a possible north
(redshifted) – south (blueshifted) velocity gradient. At |V | &0.3 km s−1 the CS emission is
stronger and more extended than the C18O emission, while the C18O emission is stronger and
more extended than the CS emission at |V | .0.3 km s−1.
2. With the millimeter C18O (2–1) and submillimeter CS (7–6) lines, we estimated physical
conditions of molecular gas in B335 based on the LVG model. At the high velocity (|V |
>0.3 km s−1), the gas component with the stronger CS emission shows a temperature higher
than 40 K, a density lower than 106 cm−3, and elongation along the east-west direction, or
along the outflow axis. This high-temperature and low-density component is likely related
to the outflow, and the presence of the submillimeter CS (7–6) emission on a scale larger
than 1000 AU is likely due to an extended high-temperature region but not an extended
high-density region. At the low velocity (|V | <0.3 km s−1), the gas component with the
stronger C18O emission shows a temperature lower than 40 K and a density higher than
106 cm−3, and is elongated perpendicular to the outflow axis. This low-temperature and
high-density component is likely originated from the envelope. In the entire region, the
C18O (2–1) emission is thermalized (Tex ∼ Tk), and the CS (7–6) emission is sub-thermalized
(Tex ∼10–20 K < Tk). On the other hand, the C18O (2–1) and CS (7–6) lines are optically
thin at the high velocity, while both lines are optically thick at the center and optically thin
at a radius larger than ∼400 AU at the low velocity. Regardless of the adopted value of
the molecular abundances, the higher temperature in the high-velocity component with the
more intense submillimeter CS emission than that in the low-velocity component is probably
valid, since otherwise we have to adopt the unusually high CS abundance comparable to the
C18O abundance in the high-velocity component. The absolute values of the temperature and
density for each component, however, still depend on the assumed abundances.
3. The velocity gradient across the outflow axis seen in the extended C18O emission component
can be interpreted as a large-scale (>2500 AU) envelope rotation. On the other hand, in the
compact C18O component no signature of the envelope rotation is seen, but there exists a
velocity gradient along the outflow axis, which can be interpreted as an infalling gas motion.
The compact CS component does not show a clear sign of the infalling motion, but show
a possible sign of a velocity gradient across the outflow axis (i.e., rotation). From these
observational results, we constructed the profile of the specific angular momentum of the
envelope rotation in B335, from radii of ∼104 AU down to 102 AU, and found that the
specific angular momentum decreases down to a radius of 370 AU.
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4. Specific angular momenta of envelopes around a sample of Class 0, I, and II sources, including
B335, spread over two orders of magnitude between r ∼80 and ∼2000 AU, and more evolved
sources tend to show higher specific angular momenta than less evolved sources. If the initial
profile of the specific angular momentum in a dense core follows the power-law relation as
observed by Goodman et al. (1993) and the inside-out collapse takes place in the core, the
inner infalling region with less specific angular momenta should collapse first and show the
region with the small and constant specific angular momentum. At a later stage of the
inside-out collapse, the outer region with more specific angular momenta starts collapsing
and forming the larger infalling region with the larger specific angular momenta. From these
considerations we constructed a toy model to explain the observed profiles of the specific
angular momenta and their evolutions.
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A. Combining SMA and Single-dish Data and
Imaging Simulation of the Combining Process
To combine the SMA and single-dish data, we followed the process described by Takakuwa et
al. (2003, 2007), which is based on the description of combining single-dish and interferometric data
by Vogel et al. (1984) and the MIRIAD scripts developed by Wilner & Welch (1994). First, we
resampled the single-dish image cube along the velocity axis to match the velocity channels with
those of the SMA data. Then we de-convolved the single-dish images by the single-dish beams and
multiplied the de-convolved single-dish images by the response function of the SMA primary beams,
which we assumed to be two-dimensional Gaussians. With these de-convolved and primary beam
de-corrected images, we generated single-dish visibility data by the Miriad tasks, uvrandom and
uvmodel. Next, the single-dish and SMA visibility data are Fourier-transformed simultaneously
by the Miriad task, invert, to make the combined images. The SMA C18O and CS visibility data
have 13440 data points per channel at u–v distances from 5 to 50 kλ and 9985 data points per
channel at u–v distances from 12 to 80 kλ, respectively, and we varied the numbers of the visibility
data points of our single-dish data to make the combined images and adopted 4866 data points
per channel at u–v distances from 0 to 7 kλ and 1963 data points per channel at u–v distances
from 0 to 9 kλ for the SMT and ASTE data, respectively. Our weighting on the single-dish data
is two to five times more than the weighting recommended by Kurono et al. (2009). Although
the recommended weighting can provide smaller beam sizes and higher signal-to-noise ratios, the
recommended weighting introduced lots of patchy structures in the velocity channel maps, which
could be due to the influence of the noise in the SMA data. Therefore, we adopted a higher weighting
on our single-dish data than the recommended value to smooth out those patchy structures.
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In order to test the feasibility and the limitation of the combining process described above,
we performed noise-free imaging simulations and compared an original model image with its final
image after the combining process. We generated an model image of a single power-law intensity
distribution, I(r) ∝ r−1, which represents the intensity distribution of an isothermal and optically
thin sphere with a density profile of r−2. We set the outer radius of the intensity distribution to be
15000 AU (100′′ at a distance of 150 pc) and did not include any velocity structure in the model.
The image pixel size and the pixel number of the model image were set to be 0.′′2 × 0.′′2 and 2048 ×
2048, respectively. We adopted two virtual single-dish telescopes with the dish sizes of 10 and 30
meters and the observing frequency of the C18O (2–1) line. The beam sizes of the virtual 10-m and
30-m telescopes are 33.′′8 and 11.′′3, respectively. The virtual 10-m single-dish telescope corresponds
to SMT, and the simulation with the virtual 10-m telescope represents our real imaging. First, we
convolved this model image with the single-dish beams and resampled the convolved model images
onto the Nyquist grids (15′′ for the 10-m telescope and 5′′ for the 30-m telescope) over our SMT
mapping region that is 13500 AU × 18000 AU. After we produced the simulated single-dish images,
we followed the same process described in the last paragraph to create the simulated single-dish
visibility data. Next, we multiplied the original model image by the response function of the SMA
primary beam and generated the simulated SMA visibility data with the u–v sampling of our SMA
observation at 230 GHz. In Figure 14, we plot the amplitudes of our simulated visibility data as a
function of the u–v distance. The amplitude of the simulated 10-m single-dish data is below that
of the simulated SMA data in the u–v distance range of 5–6 kλ. On the other hand, the amplitude
of the simulated 30-m single-dish data well matches that of the simulated SMA data in the u–v
distance range of 5–8 kλ, but becomes lower than that of the simulated SMA data at the longer
u–v distances.
To derive the correct solution of the amplitude as a function of the u–v distance for the original
model image, we applied SMA primary-beam de-correction to the original model image and Fourier-
transformed the entire de-corrected image over the u–v sampling from 0 to 20 kλ (solid curves in
Figure 14 left). In the right panel of Figure 14, we show the amplitude ratio between the simulated
single-dish data and the correct solution as a function of the u–v distance. The amplitudes of the
simulated 10-m and 30-m single-dish data are 10% and 5% lower than that of the correct solution
at the zero spacing, respectively, and a factor of five lower than that of the correct solution at
their maximum u-v sampling distances. This mismatch between the single-dish amplitude and the
correct solution at the zero spacing is likely due to the limited mapping region of the single-dish
observations, which does not cover the entire model intensity distribution. On the other hand, the
difference at the longer u–v distances is likely due to the finite single-dish beam sizes and the grid
spacings since the sharpness of the image is diluted. Furthermore, the amount of the mismatch
between the correct solution and the simulated amplitudes in the u–v domain should be structure-
dependent. Therefore, a simple scaling of the amplitude cannot correct the discrepancy of the
amplitude between single-dish and interferometric data properly, but artificially distorts the total
flux.
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Figure 15 compares the simulated 10-m single-dish + SMA image after the combining process
to the original model image multiplied by the SMA primary beam and convolved with the same
synthesized beam of the simulated combined image. The combined image exhibits a central com-
pact structure plus an extended component, different from the original single power-law intensity
distribution. Figure 16 compares the intensity profiles as a function of the radius along the north-
south and east-west directions. The intensity of the central region at a radius less than 10′′ becomes
weaker after the combining process, while that in the outer region is amplified. As a result, the
original single power-law intensity distribution appears to be separated into two components. The
flux in the inner region (r <5′′) of the combined image is suppressed by .20% of the peak flux
of the combined image, and the difference between the original and combined images at a radius
larger than 5′′is less than 10% of the peak flux of the combined image. The amount of the intensity
suppression in the central region within 5′′ (∼20%) is, however, comparable to our uncertainty of
the absolute flux calibrations of the single-dish and SMA observations, and the maximum difference
between the ”real” and ”observed” images at a radius larger than 5′′ is likely to be 10% of the peak
flux at most as shown in the present simulation, which corresponds to 1.5σ in our real observations.
B. LVG Model
For our LVG calculations, values of the dipole moment and the rotational and centrifugal
constants of C18O and CS were taken from Winnewisser et al. (1979). The collisional coefficients
of C18O were taken from Flower (2001), on the assumption that C18O has the same collisional
coefficients as those of 12CO. The rotational energy levels up to J = 28 (2087 K) were included
in our C18O calculations. The collisional coefficients of CS were taken from Green & Chapman
(1978) and Turner et al. (1992), and the rotational energy levels up to J = 20 (447 K) were
included. Since we only have one transition of each of C18O and CS, the physical conditions and
the molecular abundances cannot be derived simultaneously. Instead, we estimated typical values
of the molecular abundances per unit velocity gradient ( XdV/dR) and adopted those
X
dV/dR values
to estimate the gas density and temperature in the different velocity components. The values of
X
dV/dR were estimated as follows. The full width at the half maximum line width of the ASTE CS
line profile at the center was measured to be ∼1.5 km s−1 (Takakuwa et al. 2007). In the combined
moment 0 map of the CS emission, the size of the CS emitting region was estimated to be ∼3000
AU (0.015 pc). Therefore, dV and dR were set to be 1.5 km s−1 and 0.015 pc, respectively, and the
velocity gradient was estimated to be 100.0 km s−1 pc−1. Since the LVG model a priori assumes
that the C18O and CS emission originate from the same region, the same velocity gradient was
adopted for both lines.
For the C18O abundance we adopted X(C18O) = 2.5 × 10−8, from Table 6 in Evans et al.
(2005). This C18O abundance is one order of magnitude lower than the typical C18O abundance
that was estimated with a single-dish beam size of ∼1.′6 (3 × 10−7; Frerking et al. 1987), and a
similar C18O abundance has also been found with our SMA observation (3.8 × 10−8; Paper I).
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For the CS abundance we first adopted X(CS) = 6 × 10−9, again from Table 6 in Evans et al.
(2005). Then, the XdV/dR values are 2.5 × 10−10 km−1 s pc and 6 × 10−11 km−1 s pc for C18O and
CS, respectively. We found, however, that the observed peak brightness temperature of the C18O
emission (∼6.1 K) and that of the CS emission (∼4.3 K) toward the center cannot be reproduced
simultaneously with these XdV/dR values. Furthermore, our LVG model provided the estimate of
the gas kinetic temperature lower than 10 K in the region at radii from ∼400 to ∼1500 AU with
these XdV/dR values, which is unphysical, since the previous millimeter continuum study of the B335
envelope shows the temperature from 22 to 13 K at radii from ∼400 to ∼1500 AU (Harvey et al.
2003). On the other hand, previous interferometric observations of B335 in the CS (5–4) emission
have found that the CS abundance could be lower than the typical value (∼6 × 10−9) by a factor of
∼ten (Wilner et al. 2000). Evans et al. (2005) have also suggested a possible one order of magnitude
lower CS abundance in B335, based on the modeling of the single-dish line profiles of the CS (2–1,
3–2, & 5–4) emission lines with the density and temperature profiles found by Harvey et al. (2003).
In the case of L1551 IRS5, a Class I protostar, Takakuwa et al. (2004) has found that the CS
abundance is also lower than the typical value by a factor of ten. Therefore, we adopted the CS
abundance of 6 × 10−10 in our LVG analyses, and the adopted XdV/dR values are 2.5 × 10−10 km−1 s
pc and 6 × 10−12 km−1 s pc for C18O and CS, respectively. If the typical C18O and CS abundances
(i.e., X(C18O) = 3.0 × 10−7 and X(CS) = 6.0 × 10−9) were adopted, the estimated temperature
is a factor of ∼three higher, and the estimated density is a factor of ∼ten lower.
REFERENCES
Aikawa, Y., Wakelam, V., Garrod, R. T., & Herbst, E. 2008, ApJ, 674, 984
Andre´, P., Ward-Thompson, D., & Barsony, M. 2000, Protostars and Planets IV, 59
Bergin, E. A., & Langer, W. D. 1997, ApJ, 486, 316
Chandler, C. J., & Sargent, A. I. 1993, ApJ, 414, L29
Chen, X., Launhardt, R., & Henning, T. 2007, ApJ, 669, 1058
Evans, N. J., II, Lee, J.-E., Rawlings, J. M. C., & Choi, M. 2005, ApJ, 626, 919
Flower D. R. 2001, J. Phys. B: At. Mol. Opt. Phys., 34, 2731
Frerking, M. A., Langer, W. D., & Wilson, R. W. 1987, ApJ, 313, 320
G˚alfalk, M., & Olofsson, G. 2007, A&A, 475, 281
Goldreich, P., & Kwan, J. 1974, ApJ, 189, 441
Goodman, A. A., Benson, P. J., Fuller, G. A., & Myers, P. C. 1993, ApJ, 406, 528
– 20 –
Green, S., & Chapman, S. 1978, ApJS, 37, 169
Guilloteau, S., & Dutrey, A. 1998, A&A, 339, 467
Guilloteau, S., Dutrey, A., & Simon, M. 1999, A&A, 348, 570
Harvey, D. W. A., Wilner, D. J., Myers, P. C., & Tafalla, M. 2003a, ApJ, 596, 383
Hirano, N., Kameya, O., Nakayama, M., & Takakubo, K. 1988, ApJ, 327, L69
Ho, P. T. P., Moran, J. M., & Lo, K. Y. 2004, ApJ, 616, L1
Hogerheijde, M. R., van Dishoeck, E. F., Blake, G. A., & van Langevelde, H. J. 1998, ApJ, 502,
315
Jørgensen, J. K., Bourke, T. L., Myers, P. C., Di Francesco, J., van Dishoeck, E. F., Lee, C.-F.,
Ohashi, N., Schier, F. L., Takakuwa, S. Wilner, D. J., Zhang, Q. 2007, ApJ, 659, 479
Keene, J., Davidson, J. A., Harper, D. A., Hildebrand, R. H., Jaffe, D. T., Loewenstein, R. F.,
Low, F. J., & Pernic, R. 1983, ApJ, 274, L43
Keene, J., Hildebrand, R. H., Whitcomb, S. E., & Harper, D. A. 1980, ApJ, 240, L43
Kurono, Y., Morita, K.-I., & Kamazaki, T. 2009, PASJ, 61, 873
Lee, C.-F., Hirano, N., Palau, A., Ho, P. T. P., Bourke, T. L., Zhang, Q., & Shang, H. 2009, ApJ,
699, 1584
Lee, C.-F., Ho, P. T. P., Beuther, H., Bourke, T. L., Zhang, Q., Hirano, N., & Shang, H. 2006,
ApJ, 639, 292
Lommen, D., Jørgensen, J. K., van Dishoeck, E. F., & Crapsi, A. 2008, A&A, 481, 141
Momose, M., Ohashi, N., Kawabe, R., Nakano, T., & Hayashi, M. 1998, ApJ, 504, 314
Moriarty-Schieven, G. H., Wannier, P. G., Mangum, J. G., Tamura, M., & Olmsted, V. K. 1995,
ApJ, 455, 190
Myers, P. C., Evans, N. J., II, Ohashi, N. 2000, in Protostars and Planets IV, ed. V., Mannings,
A. P., Boss, & S. S., Russel (Tucson, AZ: Univ. of Arizona Press), 217
Ohashi, N., Hayashi, M., Ho, P. T. P., & Momose, M. 1997a, ApJ, 475, 211
Ohashi, N., Hayashi, M., Ho, P. T. P., Momose, M., & Hirano, N. 1996, ApJ, 466, 957
Ohashi, N., Hayashi, M., Ho, P. T. P., Momose, M., Tamura, M., Hirano, N., & Sargent, A. I.
1997b, ApJ, 488, 317
Qi, C., Kessler, J. E., Koerner, D. W., Sargent, A. I., & Blake, G. A. 2003, ApJ, 597, 986
– 21 –
Olofsson, S., & Olofsson, G. 2009, A&A, 498, 455
Reipurth, B., Heathcote, S., & Vrba, F. 1992, A&A, 256, 225
Saito, M., Sunada, K., Kawabe, R., Kitamura, Y., & Hirano, N. 1999, ApJ, 518, 334
Santiago-Garc´ıa, J., Tafalla, M., Johnstone, D., & Bachiller, R. 2009, A&A, 495, 169
Sault, R. J., Teuben, P. J., & Wright, M. C. H. 1995, Astronomical Data Analysis Software and
Systems IV, 77, 433
Schuster, K. F., Harris, A. I., Anderson, N., & Russell, A. P. G. 1993, ApJ, 412, L67
Shinnaga, H., Phillips, T. G., Furuya, R. S., & Kitamura, Y. 2009, ApJ, 706, L226
Shu, F. H. 1977, ApJ, 214, 488
Simon, M., Dutrey, A., & Guilloteau, S. 2000, ApJ, 545, 1034
Spaans, M., Hogerheijde, M. R., Mundy, L. G., & van Dishoeck, E. F. 1995, ApJ, 455, L167
Stutz, A, M., Rubin, M., Werner, M. W., Rieke, G. H., Bieging, J. H., Keene, J., Kang, M., Shirley,
Y. L.; Su, K. Y. L., Velusamy, T., Wilner, D. J. 2008, ApJ, 687, 389
Surdej, J. 1977, A&A, 60, 303
Tafalla, M., Myers, P. C., Caselli, P., Walmsley, C. M., & Comito, C. 2002, ApJ, 569, 815
Takakuwa, S., Iono, D., Vila-Vilaro, B., Sekiguchi, T., & Kawabe, R. 2008, Ap&SS, 313, 169
Takakuwa, S., & Kamazaki, T. 2011, PASJ, in press
Takakuwa, S., Kamazaki, T., Saito, M., & Hirano, N. 2003, ApJ, 584, 818
Takakuwa, S., Kamazaki, T., Saito, M., Yamaguchi, N., & Kohno, K. 2007, PASJ, 59, 1
Takakuwa, S., Mikami, H., Saito, M., & Hirano, N. 2000, ApJ, 542, 367
Takakuwa, S., Ohashi, N., Ho, P. T. P., Qi, C., Wilner, D. J., Zhang, Q., Bourke, T. L., Hirano,
N., Choi, M., Yang, J. 2004, ApJ, 616, L15s
Turner, B. E., Chan, K.-W., Green, S., & Lubowich, D. A. 1992, ApJ, 399, 114
van Kempen, T. A., et al. 2009, A&A, 507, 1425
van Kempen, T. A., Hogerheijde, M. R., van Dishoeck, E. F., Gu¨sten, R., Schilke, P., & Nyman,
L.-A˚. 2006, A&A, 454, L75
Vogel, S. N., Wright, M. C. H., Plambeck, R. L., & Welch, W. J. 1984, ApJ, 283, 655
– 22 –
Wilner, D. J., Myers, P. C., Mardones, D., & Tafalla, M. 2000, ApJ, 544, L69
Wilner, D. J., & Welch, W. J. 1994, ApJ, 427, 898
Winnewisser, G., Churchwell, E., & Walmsley, C. M. 1979, Modern Aspects of Microwave Spec-
troscopy, 313
Yen, H.-W., Takakuwa, S., & Ohashi, N. 2010, ApJ, 710, 1786
This preprint was prepared with the AAS LATEX macros v5.2.
– 23 –
!"##$%&
'(% '()*'(%'() +###$%&
Fig. 1.— Moment 0 maps of the SMT (left), SMA (middle), and combined (right) data of the
C18O (2–1) emission in B335. The integrated velocity ranges are VLSR = 7.95 – 8.92, 7.29 – 9.23,
and 7.57 – 8.95 km s−1 for the SMT, SMA, and combined images, respectively. Crosses show the
protostellar position, and open circles represent the primary beam of the SMA observation at 230
GHz. Hatched and solid ellipses at the bottom-right corners show the beam sizes. Contour levels
are from 14σ in steps of 3σ in the SMT map, where 1σ is 0.05 K km s−1. The SMA and combined
maps are plotted in the same contour levels and gray scale, and contour levels are from 0.85 K km
s−1 in steps of 0.85 K km s−1 that corresponds to 2σ in the SMA map and 2.2σ in the combined
map. The peak values are 1.57, 8.91, and 8.73 K km s−1 in the SMT, SMA and combined maps,
respectively.
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Fig. 2.— Moment 0 maps of the ASTE (left), SMA (middle), and combined (right) data of the
CS (7–6) emission in B335. The integrated velocity ranges are VLSR = 7.18 – 9.05, 7.47 – 9.25,
and 7.12 – 9.25 km s−1 for the ASTE, SMA, and combined images, respectively. Crosses show the
protostellar position, and open circles represent the primary beam of the SMA observation at 342
GHz. Hatched and solid ellipses at the bottom-right corners show the beam sizes. Contour levels
are from 3σ in steps of 3σ in the ASTE map, where 1σ is 0.06 K km s−1. The SMA and combined
maps are plotted in the same contour levels and gray scale, and contour levels are from 1.02 K km
s−1 in steps of 1.02 K km s−1 that corresponds to 2.4σ in the SMA map and 2σ in the combined
map. The peak values are 1.67, 6.39, and 9.91 K km s−1 in the ASTE, SMA and combined maps,
respectively.
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Fig. 3.— Line profiles of the C18O (2–1) emission in the SMT, SMA, and combined data (left)
and the CS (7–6) emission in the ASTE, SMA, and combined data (right) toward the protostellar
position. The single-dish line profiles are drawn in thin lines, and the line profiles of the SMA and
combined data are plotted in thick and thin histograms, respectively. In order to compare the line
profiles between the single-dish, SMA, and combined data, the SMA and combined data were first
primary-beam corrected and then convolved with the relevant single-dish beam sizes. The beam
sizes of the SMT and ASTE observations are 33.′′8 and 21.′′6, respectively. Vertical dashed lines
show the systemic velocity of B335, and the systemic velocity was estimated to be VLSR = 8.34 km
s−1 from a Gaussian fitting to the SMT C18O (2–1) emission.
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Fig. 4.— Velocity channel maps of the SMT C18O (2–1) data in B335. The central velocity at each
channel is shown at the top-left corner of each panel. Crosses and open circles show the protostellar
position and the beam size, respectively. Contour levels are from 3σ in steps of 2σ, where 1σ is
0.22 K.
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Fig. 5.— Velocity channel maps of the combined C18O (2–1) data in B335. The central velocity
at each channel is shown at the top-left corner of each panel. Crosses and filled ellipses show the
protostellar position and the beam size, respectively, and open circles are the primary beam of the
SMA observation at 230 GHz. Contour levels are from 2σ in steps of 2σ, where 1σ is 0.63 K.
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Fig. 6.— SMT and combined SMT + SMA P–V diagrams of the C18O (2–1) emission along (P. A.
= 90◦; left) and across (P. A. = 0◦; right) the outflow axis in B335, passing through the protostellar
position. Top panels show the P–V diagrams of the SMT (green contours) and combined SMT
+ SMA (black contours) data on a larger scale (∼12000 AU), and bottom panels show the P–V
diagrams of the combined SMT + SMA data on a smaller scale (∼3000 AU). Vertical and horizontal
dashed lines delineate the systemic velocity and the central protostellar position, respectively. A
solid line in the bottom-left panel delineates the detected velocity gradient along the outflow axis.
Contour levels are from 2σ in steps of 2σ, where 1σ are 0.22 and 0.63 K in the SMT and combined
SMT + SMA data, respectively.
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Fig. 7.— SMT C18O spectra (histogram) in B335 along the axis perpendicular to the outflow,
i.e., the north-south direction. The offset position of each spectrum is shown at the top-left corner
of each panel. Solid curves show the results of the Gaussian fitting to the SMT C18O spectra,
and a dotted line in each panel represents the centroid velocity of each spectrum derived from the
Gaussian fitting.
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Fig. 8.— Velocity channel maps of the combined CS (7–6) data in B335. The central velocity
at each channel is shown at the top-left corner of each panel. Crosses and filled ellipses show the
protostellar position and the beam size, respectively. Contour levels are from 2σ in steps of 2σ,
where 1σ is 0.83 K.
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Fig. 9.— combined ASTE + SMA P–V diagrams of the CS (7–6) emission along (P. A. = 90◦; left)
and across (P. A. = 0◦; right) the outflow axis in B335, passing through the protostellar position.
Vertical and horizontal dashed lines delineate the systemic velocity and the central protostellar
position, respectively. A solid line in the right panel delineates the possible velocity gradient across
the outflow axis seen in the velocity channel maps. Contour levels are from 2σ in steps of 2σ, where
1σ is 0.83 K.
– 32 –
!"#$%&'(#
)#*#&+,-+#.#&+,+'#/0#1&2
!234#$5&2(#
)#*#&2,+-#.#&+,-+#/0#1&2
!234#$5&2(#
)#*#&+,-+#.#&+,+'#/0#1&2
!234#$5&2(#
)#*#&+,+'#.#+,'2#/0#1&2
6++#78
!234#$5&2(#
)#*#+,'2#.#2,2%#/0#1&2
!"#$%&'(#
)#*#&2,+-#.#&+,-+#/0#1&2
Fig. 10.— Moment 0 maps (color scale and blue contours) of the C18O (2–1) (top panels) and CS
(7–6) (bottom panels) emission in B335 integrated over different velocity ranges as shown in the
upper sides of the panels. White contours overlaid on these maps show the 12CO (2–1) moment 0
map taken with the SMA (Paper I). White crosses denote the protostellar position. Blue and red
arrows represent the velocity gradients of the central components traced by the millimeter C18O
and submillimeter CS lines in the middle two panels. Contour levels are from 0.66 K in steps of
0.33 K, and 0.33 K corresponds to 1.3σ in the top panels and 1σ in the bottom panels.
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Fig. 11.— Correlation diagram of the millimeter C18O (2–1) and submillimeter CS (7–6) inten-
sities in B335, overlaid on the iso-density (dashed curves) and iso-thermal (solid curves) contours
calculated from our LVG model. All the data points were taken from the region within the SMA
primary beam at 342 GHz. The integrated velocity ranges for the red points are from -1.05 to -0.22
and from 0.34 to 0.89 km s−1, that is the high-velocity range. The integrated velocity range for
the blue points is from -0.22 to 0.34 km s−1, the low-velocity range. The data points labeled by
crosses and without horizontal or vertical error bars represent the 2σ upper limits of the C18O or
CS intensities, respectively. Error bars demote the 1σ noise level.
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Fig. 12.— Temperature (top) and density (bottom) maps at the high (left) and low (right) velocities
in color scale, derived from our LVG calculations shown in Figure 11. White contours show the
distribution of the CS emission integrated over the relevant velocity ranges. The integrated velocity
range is shown in the upper side of each panel. Crosses represent the protostellar position. Contour
levels are from 2σ in steps of 2σ, where 1σ is 0.38 K km s−1 in the high-velocity range and 0.24 K
km s−1 in the low-velocity range.
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Fig. 13.— Diagram of the specific angular momentum of the envelope rotation plotted as a function
of the radius. Red diamonds show measurements of the envelope rotation in B335 (present paper;
Paper I; Saito et al. 1999), and a red arrow shows the upper limit of the specific angular momentum
of the envelope rotation at a radius of 370 AU in B335 (Paper I). Gray squares and a black solid
line represent specific angular momenta in NH3 cores and the power-law relation between the core
sizes and the specific angular momenta, respectively (Goodman et al. 1993). Green, light blue, and
dark red squares show specific angular momenta of disks or envelopes in Class 0, I and II sources,
respectively (Ohashi et al. 1997a; Momose et al. 1998; Simon et al. 2000; Lee et al. 2006; Chen et
al. 2007; Lommen et al. 2008; Lee et al. 2009). Black dashed curves show the expected quantitative
evolution of the profiles of specific angular momenta of infalling and rotating envelopes at t = 2,
4, 7, 30 × 104 years after the beginning of the collapse, and the masses within the infall radii are
0.07, 0.15, 0.26, and 1.12 M at those times, respectively.
– 36 –
!"#$%&'()*+%,'&-
."#$%&'()*+%,'&-
/01
!"#$%&'(%) !"#$%&'(%)
!*
+)
Fig. 14.— Model and simulated amplitudes (left) and amplitude ratios (right) as a function of the
u–v distance, derived from our imaging simulations. Open diamonds, triangles, and squares show
the simulated 10-m single-dish, 30-m single-dish, and SMA visibility data, respectively. A solid
curve represents the amplitude of the model. The amplitude ratios were calculated by dividing the
amplitude of the simulated single-dish data by that of the model.
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Fig. 15.— Comparison of the model and simulated images from our imaging simulations. The left,
middle, and right panels show the original model image, the simulated image after the combing
process, and the difference between the model and simulated images, respectively. The combing
process was performed with the 10-m single-dish and SMA data. The model image was de-corrected
for the SMA primary beam and convolved with the simulated synthesized beam. Contour levels
are from 10% in steps of 10% of the maximum intensity in the simulated combined image. A filled
ellipse in each panel shows the beam size. The difference image is shown in the unit of percentages
of the peak intensity of the simulated combined image.
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Fig. 16.— Intensity profiles of the model image (dashed curves) and the simulated image after the
combining process (solid lines) along the north-south (left) and east-west (right) directions. The
combining process was performed with the 10-m single-dish and SMA data. The model image was
de-corrected for the SMA primary beam and convolved with the simulated synthesized beam.
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Table 1. Summary of the Observational Parameters
C18O (2–1) CS (7–6)
Interferometer SMA
Coordinate Center α(J2000) = 19h37m00.s89
δ(J2000) = 7◦34′10.′′0
Primary Beam 56.′′3 36.′′1
Projected Baseline Length (kλ) 5.5 – 53.5 12.5 – 80.0
Synthesized Beam (P. A.) 3.′′8 × 3.′′3 (84.6◦) 2.′′5 × 2.′′3 (69.4◦)
Velocity Resolution (km s−1) 0.28 0.18
Noise Level (K) 0.58 0.77
Passband Calibrator 3C 279 3C 454.3
Flux Calibrator Callisto Uranus
Gain Calibrator (Flux) 1749+096 (1.9 Jy) 1749+096 (1.0 Jy)
2145+067 (2.5 Jy) 2145+067 (1.0 Jy)
Single-dish Telescope SMT ASTE
Coordinate Center α(J2000) = 19h37m00.s90
δ(J2000) = 7◦34′08.′′8
Beam Size 33.′′8 21.′′6
Velocity Resolution (km s−1) 0.06 0.11
Main Beam Efficiency 68% 60%
Noise Level (K) 0.22 0.14
Conversion Factors (Jy Beam−1 K−1) 66.3 74.8
Combined Data SMT + SMA ASTE + SMA
Coordinate Center α(J2000) = 19h37m00.s89
δ(J2000) = 7◦34′10.′′0
Synthesized Beam (P. A.) 4.′′7 × 4.′′0 (82.0◦) 2.′′7 × 2.′′6 (72.3◦)
Velocity Resolution (km s−1) 0.28 0.18
Noise Level (K) 0.63 0.83
